Abstract: We present results of our research on the observation of a bound state of double dissipative-soliton operation of a passive mode-locked Yb-doped fiber laser based on the nonlinear polarization rotation mechanism through the proper adjustment of the wave plates. The generated dissipative solitons with large net positive cavity Group Velocity Dispersion (GVD) are characterized by their spectral profile of sharp peaks near edges, which are distinct from those of the conventional solitons in fiber lasers. By using an artificial saturable absorber, we have obtained stable single and double bound-state dissipative solitons. In all-normal-dispersion Yb-doped single-mode fiber lasers, the bound state of double dissipative solitons with a full-width at half-maximum of 7 ps, and a fixed pulse separation of 8 ps independent of the experimental conditions is achieved for the first time, to the best of our knowledge. Our result once again shows that the passively mode-locked fiber laser with large normal dispersion can help to explore dissipative soliton dynamics.
Introduction
Passively mode-locked fiber lasers are versatile tools for many applications, including biomedical technology, ultra-fast probing techniques, and industrial machining [1] - [3] . In a variety of different rare-earth-doped fiber lasers, mode-locked Yb-doped fiber lasers have attracted increasing attention for their applications in 2-photon polymerization and 3-D printing [4] , [5] , multiphoton microscopy [6] , [7] , terahertz generation [8] , [9] and Metrology [10] , [11] . These days, several techniques have been developed for generating a robust mode-locked Yb-doped fiber laser operation at 1-um band, such as the nonlinear polarization rotation (NPR) method [12] , [13] , semiconductor saturable absorber mirror (SESAM) [14] , [15] , nonlinear amplifying loop mirror (NALM) [16] , [17] , graphene [18] , [19] , topological insulators [20] - [22] , etc. However, due to large modulation depth (∼50%) and essentially instantaneous response, NPR method is the most commonly used.
The characteristics of bound-state solitons in mode-locked fiber lasers have been intensively investigated based on different kinds of fiber lasers. For the Er-doped fiber lasers, using NPR mechanism, Zhao et al. had reported bound-state pulses in the passively mode-locked Er-doped fiber laser operating from the large normal dispersion region to the anomalous dispersion region [23] - [25] . Li et al. experimentally observed bound states of solitons in a graphene mode locked Er-doped fiber laser [26] . Besides, through NPR technique, Ammar Hideur demonstrated the generation of bound states in a high-power dispersion-managed double-clad Yb-doped fiber laser [27] . Liu et al. investigated the formation bound dissipative pulses in the all-normal-dispersion fiber with a novel 45°tilted fiber grating [28] . In 2015, Lin et al. reported bound states of dispersion-managed solitons from single-mode Yb-doped fiber laser [29] .
In an all-normal dispersion fiber laser, dissipative solitons formation is dominated by the balance between positive nonlinearity and anomalous GVD. A typical optical spectrum of the dissipative solitons has characteristic steep spectral edges duo to a large net positive cavity GVD [30] , [31] . However, the spectrum of bound-state dissipative solitons indicated the interference fringe, and the pulses implied to a fixed separation in time domain. In contrast to the modelocked Yb-doped fiber lasers, bound dissipative-soliton from single-mode Yb-doped fiber lasers using NPR technique is seldom reported in all-normal dispersion region. Compared with the previous work, Yb-doped single-mode fiber laser is achieved, using typical NPR method without other optical devices. In this work, we experimentally investigated the generated dissipative solitons with large net positive cavity GVD. In all-normal-dispersion Yb-doped single-mode fiber laser, the bound state of dual dissipative solitons with a full width at half maximum of 7 ps and a fixed pulse separation of 8 ps independent of the experimental conditions is achieved for the first time, to the best of our knowledge.
Experimental Setup
The schematic diagram of our mode-locked Yb-fiber laser with a ring cavity configuration is shown in Fig. 1 . The ring cavity of passively mode-locked fiber laser is constructed by a 980/1030 nm wavelength-division-multiplexed (WDM), a 63 cm long sing-mode Yb-doped fiber with absorption coefficient of 125 dB/m at 915 nm, a pair of HI1060 leading fiber collimators, a polarization insensitive isolator (ISO) with bandwidth of 30 nm at 1030 nm, two quarter waveplates, two half-wave-plates, and a polarization beam splitter (PBS) cube in free space. The other fibers in the cavity are standard single mode fiber (HI 1060) with a total length of 4.5 m. The ISO is used to force the light unidirectional propagate in the cavity and promote the dissipative solitons formation. A 5-mm thickness birefringent plate which provided sinusoidal spectra transmission was inserted between the PBS and ISO. The single-mode Yb-doped gain fiber was pumped through a 980/1030 nm WDM by a single mode diode providing a maximum output power of 500 mW at a wavelength of 975 nm. The mode-locked mechanism of this Yb-doped fiber laser was based on typical NPR. The output properties of laser were taken from the polarization port. Then, the dissipative solitons were monitored by an optical spectrum analyzer (OSA, AQ 6370, Yokogawa Inc.) with a resolution of about 0.02 nm: a digital storage oscilloscope (20 GHz sampling scope, DSO9104A, Agilent Technologies Inc.). To obtain the pulse width of laser, an autocorrelator (FR-103WS, Femtochrome Research Inc.) was used.
Results and Discussions
In the experiment, the threshold pump power for mode-locking is ∼250 mW. When the pump power is 350 mW, the robust and stable continuous-wave mode-locked pulse could be generated with average output power around 93 mW. Mode-locking is easily obtained through proper adjustment of wave plates for the NPR. Once it is set, there is nothing to be done. The laser operated in the all-normal-dispersion, dissipative solitons regime was evident from the optical spectrum of output as shown in Fig. 2(a) . The optical spectrum of mode-locked dissipative solitons is center at 1047 nm with the full width at half maximum spectral band width of ∼15 nm. Typical output spectrum of all-normal-dispersion dissipative soliton with sharp peaks near edges was observed. Fig. 2(b) shows the autocorrelation trace of the output pulse with secant hyperbolic-fitting curve. Assuming a sech 2 temporal profile, the pulse duration is 10.7 ps, which are dechirped to 200 fs with a pair of diffraction gratings outside the cavity. It is clear that the pulses is existence of much chirped. Fig. 2(c) and (d) shows the output pulse train with a repetition rate of 34.3 MHz, as expected from the cavity length. The electrical signal to noise ratio is better than 60 dB measured with 10 kHz resolution bandwidth, indicating the mode-locking is quite well.
By carefully adjusting the wave plates and changing the pump power, bound states of dissipative solitons could be caused to appear at pump power of 400 mW. Seen in this context, spectral modulation emerged in the center of the dissipative solitons optical spectrum, as shown in Fig. 3(a) . Fig. 3(b) shows the autocorrelation trace. The dissipative solitons pulse duration was about 5 ps and the soliton separation was about 8.35 ps. We also recorded the output pulse train with a period of 29 ns, as the single soliton states. Fig. 4 shows the oscilloscope trace of bound state of dissipative solitons for mode-locked Yb-doped fiber laser in the time scales of (a) 20 ns/div and (b) 5 ms/div. It reveals that double dissipative solitons are bound together with equal time spacing.
The power of bound-state dissipative solitons was detected by the power meter at polarization port. We measured the stability of the output over 1.5 hours and achieved a power of 93 mW, as shown as Fig. 5 . The output power of bound-state dissipative solitons was stable enough with calculated standard deviation of 0.012%. Experimentally, we found that the bound-state dissipative solitons featured the high stability and reliability.
Conclusion
In conclusion, we have successfully demonstrated results of our research on the observation of a bound state of dissipative-soliton operation of passive mode-locked Yb-doped fiber laser based on the nonlinear polarization rotation mechanism through the proper adjustment of the wave plate. In all-normal-dispersion Yb-doped single-mode fiber laser, the bound state of dual dissipative solitons with a full width at half maximum of 5 ps and a fixed pulse separation of 8.35 ps independent of the experimental conditions is achieved for the first time, to the best of our knowledge. This would significantly help to explore the fundamental physic of dissipative solitons dynamics.
